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ABSTRACT 
EFFECT OF PHASE COMPOSITION OF TUNGSTEN CARBIDE ON ITS
CATALYTIC ACTIVITY FOR TOLUENE HYDROGENATION
SEPTEMBER 2021
ADITYA RANE
B.E. UNIVERSITY OF MUMBAI 
M.S. ChE, UNIVERSITY OF MASSACHUSETTS AMHERST
Directed by: Professor Friederike C. Jentoft 
 Commercially important hydrogenation reactions make use of precious noble metal 
catalysts which are becoming increasingly scarce, and the search for capable alternative 
catalysts prevails. Transition metal carbides of group IV-VI metals show similar catalytic 
behavior to platinum and are $103/kg lower in price than the precious metal catalysts. 
Tungsten carbide, studied in this work, can form in different stoichiometries and phase 
compositions depending upon synthesis methods. Synthesis of high surface area tungsten 
carbide with control over its phase composition remains a challenge currently.  
In this work, the novel isothermal synthesis method of tungsten carbide (WC, W2C) in a 
CH4/H2 carburization atmosphere with synthesis temperature and presence or absence of a 
silica support in the catalyst precursor (WO3) as process variables was investigated. The 
amounts of CO and H2O formed during synthesis corresponded to the amount of oxygen 
in the WO3 precursor. The catalysts were further characterized by X-ray diffraction to 
determine phase composition and crystallite size, by scanning electron microscopy to 
determine morphology and by CO chemisorption to determine metallic surface area. X-ray 
diffraction analysis indicated the carbide catalysts to contain W2C, WC and metallic W 
vi 
phases. The use of a silica supported precursor favored the formation of a nearly phase 
pure, high surface area W2C rich catalyst whereas high synthesis temperature and absence 
of silica precursor favored formation of a low surface area WC rich catalyst. Further, the 
catalysts were tested for steady state activity at a W/F (weight catalyst/toluene feed rate) 
of 0.20-0.30 h-1, addition of H2 to a total pressure of 21 bar absolute and 250 °C, and the 
effect of phase composition and surface area on the activity was studied. This work resulted 
in the successful synthesis of 4 tungsten carbide catalysts with varying phase compositions 
and surface areas and correlation of their compositions and surface areas with their 
corresponding toluene hydrogenation activities. 
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Interstitial carbides of group IV-VI transition metals are compounds that are formed by 
insertion of carbon atoms in the interstitial sites of the transition metal. This addition of carbon 
alters the structural and electronic properties of the parent metal resulting in interesting catalytic 
behavior similar to highly active noble metals like platinum and palladium.1,2 Carbides of the 
transition metals (Mo2C, WC, TiC) have been explored as potential replacement catalysts for the 
noble metals like platinum which are most employed for a variety of catalytic reactions including 
hydrogenation, hydrogenolysis and hydrodeoxygenation.3,4  
From an economical perspective, the major benefit with the metal carbide catalysts are the 
material costs for the tungsten and molybdenum metals being 3 orders of magnitude lower ($10
/kg) than platinum or gold ($104/kg) whereas their abundance in the earth’s crust is 2 orders of 
magnitude higher compared to the precious noble metals.5 They also have the advantage of being 
resistant to sulfur poisoning during conversion of heavy aromatics to fuels.6 
The limiting aspect of the carbide structures is their surface area which limits their 
application in comparison to high surface area noble metal catalysts. Industrial synthesis of carbide 
materials involves  extremely high temperatures (1200-1600 ᵒC), and the resulting carbides have 
low specific surface area S
g
 and thus are unsuitable as catalysts.7
Another complexity arises from the existence of polymorphs for some of the transition 
metal carbides. Tungsten carbide, the subject of this thesis, has been shown to form in two different 
stoichiometries and crystal structures (Fig.1), ꞵ-W2C which is a metastable phase, and forms at 
lower temperatures and α-WC which is the thermodynamically favored phase. The α-WC structure 
2 
exists in a simple hexagonal lattice structure whereas the ꞵ-W2C is a hexagonal close packed 
arrangement.8   
Figure 1: Crystal structures of α-WC and ꞵ-W2C phases 
Significant research has been done towards the catalytic application standpoint for the 
carbides, but less focus has been subjected to the synthesis and influence of synthesis parameters 
on the final phase composition of the carbide and the resulting surface area of the catalysts.9–11 
For their use in catalytic applications, the control of phase composition and a higher specific 
surface area and lower synthesis temperatures are the important factors.11–13 There is extremely 
limited information on how to obtain these catalysts with a control over their phase composition 
and higher surface areas. Thus, one of the major objectives of this work was to develop a method  
which can, in hindsight provide a better control over a certain phase for the tungsten carbide system 
and establish how the resulting phase composition in turn affects the catalytic activity for toluene 
hydrogenation test reaction.14,15  
The syntheses conditions influence the final phase composition of the carbide. The 
investigation of the influence of synthesis conditions and optimization have been carried out in an 
empirical manner. A temperature-programmed reduction carburization method for the synthesis of 
tungsten carbide using tungsten oxide as precursors is the most employed synthesis pathway.11 In 
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this work, we employ an isothermal reduction-carburization method for the synthesis of these 
carbide catalysts. The isothermal synthesis employed in this project has not been studied 
extensively, and very few works are available on how the synthesis compares to the extensively 
investigated temperature-programmed reduction-carburization (TPRC) method.11,15 The 
motivation for implementation of the isothermal method is twofold: a) Understanding the phase 
composition preference based on the synthesis conditions and b) Sintering of particles is a major 
reason for catalyst deactivation and it is avoided at lower synthesis temperatures.16 The synthesis 
is governed by the reduction rates of surface and bulk phases, carbon activation and migration on 
the surface and into the bulk. The stability of carbide or metal phase and thus the overall method 
need to be well refined for understanding these governing factors.11,13 The reduction proceeds 
differently with the isothermal method in that the pre-reduction of precursor which takes place in 
a TPRC synthesis method is avoided, and the reduction only begins at isothermal synthesis 
temperature.15 The effect of the synthesis conditions on the resulting phase composition and 
surface area of the catalysts is fundamental to the optimization of the tungsten carbide catalysts.17,18 
The catalyst precursor choice was also fundamental to the final phase composition obtained 
after the carbide synthesis. A silica-supported tungsten trioxide was found to stabilize and increase 
the W2C phase composition and resulted in increased activity for butyraldehyde hydrogenation. In 
this work, we intended to test whether the trend found for butyraldehyde hydrogenation also 
pertains to the chosen test reaction for this work.15
Characterization of these materials is based on X-ray diffraction that provides information 
on the crystal structure of the metallic carbides since they can exist in different stoichiometries and 
the phase composition of the material. Whole powder pattern fitting is employed to obtain the final 
phase composition and crystallite sizes of each identified phase.  In terms of metallic carbides, 
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scanning electron microscopy is also performed on the materials to elucidate the structural/surface 
features of these materials. Backscattered electron images that depend on the atomic number of 
the elements can potentially describe the distribution of the parent metal and carbon atoms.19
Since high surface area is a fundamental requirement for catalysis, one of the objectives of this 
work involved synthesis of tungsten carbide materials with a high surface area while also having 
control over the phase composition.  In essence, surface area of a catalyst is indicative of the 
number of catalytically active sites present on the catalyst surface. In terms of reaction kinetics, it 
aids in characterizing the catalysts by the intrinsic activity of each site by correlating activity to 
the number of sites or as turnover frequency. CO chemisorption is a characteristic surface area 
determination technique to measure the surface area of a catalyst in terms of CO uptake in moles 
per mole of catalyst. 20,21  
Some hydrogenation reactions exhibit a structure sensitive relationship towards a catalyst 
structure. Structure sensitivity of a reaction can be described as the dependence of the rate of 
reaction on the surface anisotropy that can be further divided into either the different crystal 
directions or the particle size of crystals.22 Since tungsten carbide forms in two phase structures 
(WC, W2C), one of the goals of the thesis was to understand how the catalysts rich in either of 
these phases correlated with the catalytic activity. Tungsten carbide and molybdenum carbide have 
similarly been well investigated for their activity in catalytic hydrogenation reactions which make 
use of the expensive noble metal catalysts for commercial as well as industrial purposes.2,4,18 Since 
we are interested in the structure activity relationships of the tungsten carbide catalysts, a test 
reaction was needed, and we chose toluene hydrogenation reaction with a ring hydrogenation 
mechanism that leads to  methylcyclohexane as a sole product. The reaction stoichiometry can be 
described as: 
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𝐶6𝐻5𝐶𝐻3 + 3𝐻2  → 𝐶6𝐻11𝐶𝐻3 
Scheme 1: Reaction stoichiometry for toluene hydrogenation23 
The rationale for this catalytic test is that toluene serves as a platform molecule for 
industrially relevant reactions. Catalytic ring hydrogenation has been found to be structure 
sensitive meaning the reaction rates are dependent on several surface aspects including but not 
limited to the particle size of the metallic nanoparticles.24 Toluene is also a model molecule for 
heavy oil and polycyclic aromatic chemistries. On the other hand, hydrogen has gained interest as 
being an alternative energy source because of its high energy density, and the need for efficient 
hydrogen carriers for storage of hydrogen and an organic hydride couple of 
toluene/methylcyclohexane have been under focus. The hydrogen storage capacity for the 
toluene/methylcyclohexane couple (6.2 wt%) is much higher than those of the commercially used 
H2 storage alloys that are around 1-2 wt%.
25 
The structure of this project was designed such that we delve into the relevant literature 
and some preliminary work to formulate a research plan. This involved modifications to the 
existing experimental setups and establishing experimental protocols that helped us achieve the 
research goals. The overarching goal of this project was to establish a structure-activity 
relationship of tungsten carbide catalysts for toluene hydrogenation reaction, and a phase pure 




2.1. Introduction to transition metal carbides and synthesis methods 
Transition metals have an exceptional ability to form compounds with lighter elements like 
oxygen, nitrogen, and carbon. These metals that belong to groups III-XII in the periodic table are 
notably interesting and widely researched for their diverse set of properties, features and chemistry 
involved with them. They are basically termed as transition elements since the d sublevel is 
incompletely filled while the s sublevel is filled before the d sublevel.8,26  The metal carbide thus 
formed has a characteristic property set derived from properties of three types of materials. These 
structures show extreme hardness which is a characteristic of covalent solids; high melting 
temperatures which are exhibited by ionic crystals whilst retaining the electronic and thermal 
properties of parent transition metals. The structures of such compounds are diverse in their 
properties, and their applications depend upon the parent metal and its interaction with the 
interstitial carbon atoms. In terms of geometry, the stability of these structures is predicted by 
Hagg’s rule. It states that the ratio of the nonmetallic to the metallic radii should lie between 0.41-
0.59.27 
Group IV-VI transition metals are especially the elements that can form stable compounds 
with carbon in varying stoichiometries. Group III and VII-XII metals do not form stable carbides 
or nitrides except for iron.28 Major transition metals and their carbide/nitride stoichiometries are 
described in Figure 2. 
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Figure 2: Group IV-VII transition metals and their stable carbides and nitrides28 
Figure reproduced under creative commons license CC-BY 4.0 from Zhong Y., Xia X., Shi F., 
Zhan J., Tu J., Fan H. J. (2016). (Ref.28) 
This leads to a noble metal like behavior of carbides and nitrides of group VI early 
transition metals such as molybdenum and tungsten, and thus they have shown remarkable promise 
in catalytic reactions ranging from hydrogenation and isomerization to hydrodeoxygenations. 2,14,29 
Even though the physical and electronic properties of the transition metal carbides and noble 
metals are similar, the observed activity and stability of the carbides might be affected by low 
surface areas and the contamination of surfaces with excess (polymeric) carbon or oxygen.30,31 The 
similarity to the noble metals lies in the change in the electron distribution in tungsten with addition 
of carbon resulting in lower reactivity of tungsten towards oxygen by adding valence electrons to 
the metal orbital. The objective thus is careful control of the amount of carbon addition which can 
provide optimum results.9,13  
Oyama described a temperature-programmed synthesis method of tungsten carbides with 
high specific surface areas and existence of both the phases α-WC and β-W2C.12  The influence of 
8 
the concentration of CH4 and H2 on the reduction carburization kinetics of the WO3 precursor was 
investigated. Varying the amount of CH4:H2 mixture influenced the phase change from β-W2C to 
α-WC in that the partial pressure dependence (PCH4 PH2⁄ ) controlled the rate of carbon deposition
on the surface of the solid. The β-W2C phase was only observed for a (PCH4 PH2⁄ ) =1 whereas for
(PCH4 PH2⁄ )>1, the carbon diffusion into β-W2C led to faster formation rates of α-WC but also led
to deposition of polymeric carbon on the surface.11,32   
The reduction carburization process under two different hydrocarbon gas mixtures (20% 
CH4/H2 and 10% C2H6/H2) also showed an influence on the final structure and catalytic 
performance of the carbide materials. The use of 10% C2H6/H2 resulted in carbides with higher 
surface areas since ethane was a more active carbon source and the reduction could take place at 
lower temperature (600 ᵒC) as compared to 20% CH4/H2 (700 ᵒC), but the use of ethane also led to 
polymeric carbon deposition which resulted in lowering of the surface areas. A potential reduction-
carburization pathway was developed as per the phases observed during a temperature-
programmed reduction-carburization synthesis using in-situ X-ray diffraction to observe phase 
transitions. The presence of an oxycarbide phase (WOxCy) was observed only in carburizations 
using a CH4-H2 mixture. 
13,33 
WO
3                        
WO
2 




)                ꞵ-W
2
C                α-WC
Scheme 2: Proposed reduction-carburization reaction pathway13 
The difference in the actual processes of a temperature-programmed reduction 
carburization and an isothermal synthesis (as described in Figure 3) was studied, and it was found 
that the isothermal synthesis can produce a W2C rich carbide phase composition as opposed to the 
temperature-programmed reduction carburization that exhibited a preference to all three phases.  
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The control over the W2C phase for a carbide surface was shown to be highly dependent on 
temperature, and to some extent the silica stabilizer support added to the precursor material  
controlled excess carbon deposition on the catalyst surface.15 
Figure 3: Schematic of the timeline of a temperature-programmed reduction carburization 
pathway and an isothermal synthesis pathway for tungsten carbide synthesis 15 
2.2 Materials characterization: 
Tungsten carbide as described before, exists in two phase systems WC and W2C. The W2C, 
known as tungsten semi carbide, is a metastable phase formed during the synthesis which exists in 
a hexagonal close packed geometry and forms 4 different structural polymorphs (α, ꞵ, γ and ε-
W2C). The WC, also known as tungsten monocarbide is a simple hexagonal or cubic structure (h-
WC or c-WC) with a  space group of P6m2.34–37 The W2C phase exists in 4 different space groups 
(P63/mmc, Pbcn, P3m1 and P31m) based on its 4 polymorphic structures, which  have similar 
structures and hence are  difficult to distinguish with X-ray diffraction measurements. This is also 
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in part because these structures have the same tungsten lattice whereas the scattering factor based 
on carbon is considerably lower. The order of stabilities of the monocarbides and semi carbides 
based on their formation energies was studied which showed three forms of the carbide system to 
be most stable (Eform<0). These three phases (h-WC, ε-W2C, ꞵ-W2C)  and the rest of the phases in 
increasing order of their formation energies are arranged in the following order: 
h-WC > ε-W2C > ꞵ-W2C > γ-W2C > α-W2C > c-WC.
Scheme 3: Stability order of the different phases formed in the tungsten carbide system34 
The crystallite sizes reported across several works vary although the WC crystals usually are larger 
in their crystalline domain sizes than W2C. Some of the average reported sizes of the WC crystals 
are > 9 nm whereas for the W2C structure, these sizes are in the range > 6 nm.
37 
The carbide catalysts exhibit a wide range of surface areas depending on the synthesis 
conditions and catalyst supports, and optimization of syntheses parameters has been found to be 
essential to obtain high surface area carbide catalysts. The surface area of the transition metal 
carbides has been reported by both N2 physisorption BET area analysis as well as CO 
chemisorption measurements. N2 physisorption which is performed at liquid N2 temperatures 
probes the total surface area of a material and is independent of the chemical nature. CO, on the 
other hand at milder temperature conditions (30/40 ᵒC) selectively adsorbs on the metallic surface. 
The reported BET surface areas for Mo2C and W2C catalysts synthesized with the same 
carburization mixture and starting precursors and measured after passivation in 1 vol% O2/He were 
33 and 13 m2/g. The CO uptake measured in situ on a fresh catalyst was higher for W2C (5.4 μmol 
CO/m2 catalyst) than for Mo2C (4.3 μmol CO/m
2 catalyst).38 The surface area of the fresh carbides 
and those after passivation in an O2/He mixture were compared, and it was found that both the 
carbide samples lost substantial area after the passivation process. The surface areas of the fresh 
11 
carbides were reported to be 58 and 35 m2/g which were reduced to 43 and 23 m2/g for Mo2C and 
W2C respectively.
14 The effect of carburization gas mixtures on the final carbide structure was also 
investigated, and the surface area of tungsten carbide using C2H6/H2 mixture was found to be 
higher than using CH4/H2 as the carburization mixture.
8,13 Recent developments in trying to obtain 
the transition metal carbides with higher surface area and stability are focused on using carbon 
supports in the form of carbon nanotubes. The resultant carbide surface area was improved using 
activated  carbon as the support material for the carbide catalysts.29 
2.3 Catalysis 
Levy and Boudart in their pioneer work showed the similarities between the transition 
metal carbides (TMC’s) and noble metals for similar catalytic reactions and the remarkable 
chemistry of these transition metal carbides. They found excellent catalytic behavior of tungsten 
carbide in the isomerization of neo pentane which was only made possible by noble metal catalysts 
prior to carbide discovery.2 These transition metal carbides especially tungsten carbide was also 
found to be highly active for electrocatalytic reactions mainly the hydrogen evolution reaction and 
electrolyte fuel cell applications.39–41 
Hydrogenation reactions using noble metals have been explored extensively since these reactions 
are commercially and industrially significant in producing specialty chemicals and transforming 
important organic compounds like benzene and ethylene into cyclohexanes and saturated 
hydrocarbons. Homogenous or heterogenous catalysts, are both employed for these reactions but 
in recent time, most of the focus has been on heterogenous catalysts including noble metals like 
platinum or palladium and transition metals involving W, Mo, Ni etc.42 Reactions involving C-H 
bond activation, H2 transfer and ring hydrogenation are favorable on transition metal carbide 
12 
surfaces. Structure sensitivity of catalytic reactions is an interesting phenomenon which describes 
how one catalytic reaction has the tendency to react differently on different catalytic surfaces of 
the same material. The factors influencing this phenomenon include particle sizes and structural 
features of metal atoms on catalyst surfaces.43,44 
Toluene hydrogenation is explored both on noble metals and tungsten and molybdenum 
based catalysts, and the reaction has different possible pathways depending on the type of catalyst, 
and reaction conditions.45,46 At mild reaction temperatures, only ring hydrogenation takes place, 
and  no other reactions are observed. A proposed model of the reaction network based on toluene 
is described in Figure 4. The turnover rates of benzene and toluene hydrogenation were found to 
change with change in nanoparticle size of a platinum catalyst.47 
Figure 4: Toluene hydrogenation reaction pathways45,46,48 
The reaction order for toluene hydrogenation to methylcyclohexane over molybdenum 
carbide catalyst was found to be 1 with respect to hydrogen and 0 in case of toluene for the 




3.1 Development of the isothermal pathway of tungsten carbide synthesis. 
The isothermal synthesis of tungsten carbide was done using a stainless-steel reactor tube 
(SS 316) with an outer diameter of 0.25ʺ and a length of 17ʺ. The reactor is heated by a tubular 
furnace. The reactor is attached to an assembly of gas flow lines using Swagelok fittings. The same 
reactor was used for CO chemisorption and high-pressure toluene hydrogenation experiments.  
The precursor material for the isothermal synthesis was a silica-stabilized tungsten trioxide powder 
(WO3/SiO2) obtained from TUM Munich. The precursor for the remaining set of syntheses was a 
commercial/bulk WO3 obtained from Sigma Aldrich. The reactor tube is set up in a packed bed 
form with the precursor material loaded in between two pieces of quartz wool to hold the precursor 
in place. This precursor assembly is fixated in around the central zone of the reactor, and an 
external thermocouple temperature control element touches this zone at the outside wall of the 
reactor furnace to ensure the temperature is precisely controlled and monitored using an Omega 
CN-444 temperature controller device. 
The temperature ramp is also setup using the controller with the desired temperature ramp rates. 
A schematic of the packed bed reactor and flow system is described in Figure 5. 
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Figure 5: Packed bed reactor system with loaded precursor material 
Adequate amount of quartz wool is loaded to hold the precursor powder and to avoid any 
material falling through the reactor tube. This portion of the precursor is supported using a 1/8“ 
tube inserted through the bottom of the reactor tube all the way to the center where the precursor 
bed sits. This ensures the central arrangement of the bed inside the reactor where the external 
thermocouple contacts the region and ensures accurate temperature control during the synthesis 
process. 




















The manifold setup describes the gas flow system using mass flow controllers as well as 
the individual components required for the synthesis and toluene hydrogenation tests. 
The synthesis process was monitored and quantified using a Pfeiffer Omnistar GSD320 Mass 
Spectrometer. Additionally, the lines downstream of the reactor were heated adequately to avoid 
any condensation occurring during the synthesis. A temperature timeline profile of the isothermal 
synthesis method is described in Figure 7. Additionally, the mass spectrometer capillary line 
connected to reactor outlet was insulated since that was found to be one of the factors leading to a 
condensation profile of H2O signal during the synthesis, which is  further described in Figure 41 
in Appendix I. Calibration experiments listed in Appendix I, using pulses of both H2O and CO of 
known amount of molar volume and 4 different concentrations were performed to further quantify 
the reduction signals occurring during the actual synthesis. 
































3.2 X-ray diffraction measurement and analysis: 
Characterization of the synthesized catalysts was the next pivotal step in determining the 
crystal structure, crystal domain size, and the composition of these catalyst materials. X-ray 
diffraction is a widely used technique in identification and determination of crystallite structures, 
size of crystalline domains and composition of a material. Thus, our synthesized materials were 
characterized using X-ray diffraction. The X-ray diffraction measurements were performed using 
a Rigaku Smartlab SE X-ray Diffraction System equipped with a Cu Kα anode X-ray source. A 
scanning rate of 2 °θ/min and a step size of 0.02° were used for the diffractogram measurement.  
A zero-background sample holder was used to place and mount the sample on the sample holder 
platform of the XRD equipment. Whole powder pattern fitting was employed to fit the measured 
diffractograms using Rigaku Smartlab software. Crystallite size analysis was also performed using 
the same software package using the Halder-Wagner method for size and strain analysis to obtain 
information about the crystallite sizes of various phases of tungsten carbide. The expected phases 
and their XRD patterns are shown in Figure 8 with the reference patterns for the three phases. For 
instance, the peak at 50 °2θ for WC is a good distinction between WC and other two phases49–51.  
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Figure 8: Reference X-ray powder diffraction intensities of metallic tungsten and its 
carbide phases from ICDD database (W: 00-004-0806, W2C: 00-035-0776, WC: 00-025-
1047) 49–51
3.3 Carbon monoxide chemisorption 
CO chemisorption experiments were performed to obtain the CO uptake of the 4 different 
catalyst materials. These experiments were performed on a fresh catalyst directly after synthesis 
once the reactor was cooled down to 30 or 40 °C. A six port GC valve was attached just before the 
reactor upstream with one of the valve configurations connected to a line flowing a CO and argon 
mixture. The sample loop configuration of the 6 port valve is described in Figure 42 in Appendix 
I. The CO-Ar mixture was injected on the fresh catalyst surface. Several pulses were injected until
the pulse area became constant which is where the surface got saturated, and no more CO could 
chemisorb on the carbide surface. The carbide was then subjected to a temperature-programmed 
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desorption from 40 °C to 250 °C and held for 20 min before the catalyst was again allowed to cool 
down. A desorption peak indicates the removal of the adsorbed CO from the surface.  
3.4 High pressure toluene hydrogenation 
Commercial toluene (99.8%) obtained from Sigma Aldrich was used to conduct the 
hydrogenation catalytic tests. Liquid toluene was flowed to the reactor using a Legato 011 SS 
continuous injection syringe pump with a maximum volume of 2 ml. Toluene flowrate for the 
reaction is maintained at 0.15 ml/hr. Ultra-high purity grade hydrogen (HY UHP 300) high 
pressure steel cylinder was obtained from Airgas. 
The reactor was pressurized to 20 bar for the catalytic test reaction, and a back pressure 
regulator was used to pressurize the system to 20 bar. A Swagelok pressure gauge was attached to 
the reactor assembly to monitor and control the required pressure to the system. The H2 flow was 
maintained at 75 ml/min (Bronkhorst STP). The temperature of reactor was ramped up to 160 °C 
and the toluene feed was introduced at this temperature to avoid any toluene feed condensation in 
the reactor and to ensure complete vaporization of the liquid. A GC injection was made at this 
temperature to ensure the detection of toluene and no other product peak formation at this 
temperature since product formation was found to occur at 200 °C. Once the toluene was detected 
in the mass spectrometer, the temperature was ramped up to 250 °C which was the desired reaction 
temperature. 
The reaction products were monitored and analyzed using mass spectrometry and gas 
chromatography. A Varian CP3800 gas chromatograph was used for identification and 
quantification of the reaction products observed during the catalytic hydrogenation reaction. The 
gas chromatograph is equipped primarily with two detectors, namely flame ionization detector 
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(FID) and thermal conductivity detector (TCD). The compounds were separated over a PoraPLOT 
column. The GC-FID peak retention times provided information about the compound whereas the 
GC-FID areas of the products and toluene give a quantitative relationship based on conversion of 
toluene and the product yield and selectivity. Calibration experiments (Appendix I) were 
performed to obtain the response factors, relative response factors and retention times of the 
products that we expected to observe during our reaction. The sole product that is expected in 
toluene hydrogenation is methylcyclohexane whereas at higher temperatures (>300 °C), 
methylcyclohexane ring cracking reaction and hydrogenolysis are observed to form methane as 
byproduct as evidenced by mass spectrometry profiles although we did not investigate this 
extensively at higher temperatures. 
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CHAPTER 4 
RESULTS AND DISCUSSION 
4.1: Isothermal synthesis of tungsten carbide 
The synthesis of tungsten carbide is investigated in this work using an isothermal synthesis 
pathway. The volatile reduction products of tungsten trioxide precursor  which are H2O and CO 
are monitored using mass spectrometry These amounts of H2O and CO formed are then used to 
determine and describe the stoichiometry of the synthesis process. The tungsten carbide synthesis 
pathway in this work is explored with a parameter set composed of 4 different operating conditions. 
The carburization mixture is a 1:4 CH4:H2 flow with a total flow of 38 ml/min. The parameter set 
for the different syntheses is as mentioned in Table 1. The mass spectrometry profiles for each of 
the synthesis mentioned in Table 1 are described in Figures 9-12. 











Synthesis 1 WO3/SiO2 700 50 24.7 
Synthesis 2 WO3/SiO2 750 50 24.7 
Synthesis 3 WO3 700 30.5 24.2 
Synthesis 4 WO3 750 30 23.8 
To describe the reduction carburization processes, we have formulated three possible 
stoichiometries based on the expected phases in the tungsten carbide system for the chemical 
reactions taking place through initial reduction of the precursor by hydrogen followed by methane. 
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a) Formation of W2C from WO3:
2𝑊𝑂3 + 𝐻2 + 2𝐶𝐻4 → 𝑊2𝐶 + 5𝐻2𝑂 + 𝐶𝑂 
Scheme 4: Stoichiometric reaction for formation of W2C using WO3 precursor 
b) Formation of WC from WO3:
4𝑊𝑂3 + 𝐻2 + 5𝐶𝐻4 → 4𝑊𝐶 + 11𝐻2𝑂 + 𝐶𝑂 
Scheme 5: Stoichiometric reaction for formation of WC using WO3 precursor 
c) Formation of metallic W from WO3:
2𝑊𝑂3 + 3𝐻2 + 𝐶𝐻4 → 2𝑊 + 5𝐻2𝑂 + 𝐶𝑂 
Scheme 6: Stoichiometric reaction for formation of W using WO3 precursor 
The mass spectrometry profiles provide quantitative information on the gas phase vapor 
products evolved during the reduction-carburization process based on calibration data and some 
qualitative details highlighting the differences in the evolution profiles of the synthesis depending 
on the synthesis conditions employed. There is very little evidence as to how H2 consumption 
proceeds based on the profiles. Since H2 has a higher concentration in the carburization mixture, 
the consumption profile observed in the mass spectrometer showed only a small variation that was 




Figure 9: Reduction signals at 700 °C isothermal period using a 50 mg WO3/SiO2 precursor 
in a CH4/H2 flow 
Synthesis 2: 
Figure 10: Reduction signals at 750 °C isothermal period using a 50 mg WO3/SiO2 
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The high temperature synthesis profile indicates the reduction is faster as compared to the synthesis 
at 700 °C. At higher temperatures, the oxygen removal can be anticipated to proceed faster and 
that is further indicated by the H2O and CO profiles we observe at the syntheses at 750 °C using 
both silica-stabilized, and bulk precursor as observed in Figures 10, 12. 
Synthesis 3: 
Figure 11: Reduction signals at 700 °C isothermal period using a 30.5 mg bulk WO3 
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Synthesis 4: 
Figure 12: Reduction carburization signals at 750 °C isothermal period using 30 mg bulk 
WO3 precursor in a CH4/H2 flow 
The profiles of the reduction carburization process using a tungsten trioxide precursor show 
two different regions of activity in terms of H2O and CO evolution profiles. These profiles hint 
towards the actual chemistry of the isothermal pathway that could be occurring during the 
reduction carburization process of the trioxide precursor. The peak profiles for methane coincide 
with the evolution of CO as observed in all the synthesis profiles. 
Further, we evaluated the amounts of H2O and CO formed during the syntheses using the 
calibration data described in Figures 38, 39 in Appendix I. Also, as can be observed in the mass 
spectrometry profiles, the reduction process is majorly dominated by the evolution of H2O and 
only in the later stage of the synthesis does CO formation take place. The integrations of the 
synthesis signal peaks, and calculation of the amounts produced using the areas and calibration 
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The amounts that are averaged for each type of synthesis over the number of syntheses are listed 
in Table 2. 
Table 2: Average amounts of H2O and CO produced per mmol WO3 for the isothermal 
syntheses 
Precursor type Synthesis 





mmol O /mmol 
WO3 
WO3/SiO2 700 2.73 0.47 3.04 
WO3/SiO2 750 2.55 0.60 3.01 
WO3 700 2.48 0.72 3.03 
WO3 750 2.69 0.51 3.07 
 Further the oxygen balance was calculated to evaluate the amount of oxygen that was 
taken up by H2O and CO in our syntheses in mmol O/mmol H2O or CO averaged over the number 
of syntheses for each of the 4 synthesis parameters. This oxygen balance is described in Figure 13. 
 
Figure 13: Oxygen balance average for all 4 types of syntheses 


















Although the balance does not equate 1, the evident trend is the fact that almost 80% of the 
oxygen in the starting precursor material goes to H2O, and the initial water formation is dominated 
by H2 as no visible methane consumption was observed during the onset of the first water 
formation peak. That also suggests to the fact as observed by the MS profile that methane 
activation only takes place on a partially reduced oxide form of WO3 (in essence WO3-x) since the 
onset of reduction is only activated by H2. 
4.2: X-ray characterization of the catalysts 
Since, we established 4 different synthesis conditions resulting in 4 possible different types 
of structures, we evaluated these structures using X-ray diffraction to obtain information about the 
phase compositions of the catalysts. The X-ray diffraction results are matched with the reference 
peaks obtained from ICDD patterns and compiled in Figure 14. 
As mentioned before, W2C exists in multiple phases, and the produced carbides indeed 
gave diffractograms that did not permit the distinction of ꞵ-W2C, α-W2C and ε-W2C. The powder 
pattern fitting software identified the most likely phases for the produced carbides, and for the 
scope of this work, we used the phases with space groups and lattice parameters mentioned in 
Table 3. 
Table 3: Phases and space groups used for XRD analysis37,52 
Phase Space group Lattice parameters 
a, Å 
b, Å c, Å 
ε-W2C (No. 162) P31m 5.19 5.19 4.74 
α-WC (No. 187) P6m2 2.90 2.90 2.84 
W (No. 229) Im3m 3.16 3.16 3.16 
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Figure 14: Measured diffractograms for 4 syntheses with their stacked pattern references 
4.2.1. Phase composition analysis of the catalysts 
The diffractograms were further analyzed for their respective phase compositions using 
whole powder pattern fitting using Rigaku smartlab software. The selected range for the fitting 
was chosen from 29° 2θ onwards to correct for any background inconsistency caused by 
silica/quartz wool pattern at 25° 2θ. This characteristic silica appearance at the start of our 
diffractogram measurements is described in Figure 42 in Appendix I.  
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a) The powder pattern simulation of the diffractogram for a catalyst synthesized at a synthesis
temperature of 700 ᵒC using a WO3/SiO2 precursor is described in Figure 15 
Figure 15: XRD phase fitting of 700 ᵒC synthesis using WO3/SiO2 precursor 
The obtained fit for this sample using manual input parameters for lattice constants showed 
no metallic W contribution while little WC is detected at 38° 2θ angle. The final phase composition 
achieved for this synthesis showed 98.8% W2C and 1.2% WC. Thus, we ascertain that synthesis 
at 700 °C with the use of a silica-stabilized precursor results in a nearly phase pure W2C catalyst. 
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b) Powder pattern simulation for a sample synthesized at 700 °C using a commercial WO3
precursor is described in Figure 16 
Figure 16: XRD pattern fitting of a 700 °C synthesis using WO3 bulk precursor 
The sample shows almost no WC contribution whereas little W is detected at 40° 2θ angle. 
The final phase composition achieved for this synthesis showed 95.9% W2C, 0.6% WC and 3.4% 
WC. Thus, even with a commercial precursor, we obtain a relatively W2C phase pure catalyst. 
Thus, the profound factor for the preference to a W2C phase is the synthesis temperature. 
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c) Powder pattern simulation for a catalyst synthesized at 750 °C using a WO3/SiO2 precursor is
described in Figure 17
Figure 17: XRD pattern fitting of a 750 °C synthesis using WO3/SiO2 precursor 
The obtained fit for this sample using manual input parameters for lattice constants shows 
a phase composition comprising of a mixture of all three phases. The fit shows some residual 
which hints to some uncertainty in the convergence of the fit. 
The final phase composition of the fit showed a contribution of 66.7% W2C, 30.1% WC and 3.2% 
W metal. We observed that the increase in synthesis temperature tends to show increasing 
appearance of the monocarbide WC phase. 
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d) Powder pattern simulation for a catalyst synthesized at 750 °C using a commercial WO3
precursor
Figure 18: XRD pattern fitting of a 750 °C synthesis using WO3 precursor 
The obtained fit for this sample using manual input parameters for lattice constants also 
shows a phase composition comprising of a mixture of all three phase with a preference to WC. 
The fit shows a broad residual peak at 2θ range of 73-78° which adds some uncertainty to the 
convergence of the final fit. The final phase composition of the fit showed a contribution of 73.3% 
WC, 24.5% W2C and 2.2% W metal. Here, we observe that the increase in synthesis temperature 
and the absence of a silica-supported precursor tend to show majority appearance of the 
monocarbide WC phase with some W2C character. 
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4.2.2 Crystallite size analysis: 
The crystalline domain sizes of the particles of individual phases of WC and W2C were 
measured for some of the fitted patterns. Halder-Wagner (H-W) analysis was used to measure the 
crystallite sizes of the individual phases53. The size description is mentioned in Table 4  . 
Table 4: Crystalline domain sizes of WC and W2C particles 
Synthesis type W2C size, nm WC size, nm 
700 °C WO3/SiO2 5.6 7 
750 °C WO3 5.3 7.8 
Thus, from the size analysis we can confirm that the W2C crystals lie in the range of 5-6 
nm whereas the WC crystals are larger and lie in the range of 7-8 nm. Since the W2C crystals are 
smaller, and smaller particles suggest to larger surface area and increased catalytic activity, we 
hypothesized that the W2C rich phases from our synthesized catalysts should ideally be more 
catalytically active than the WC rich phases. 
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4.2.3. Scanning electron microscopy(SEM) imaging: 
The morphological features of the different carbide structures were interpreted using 
scanning electron microscopy which described magnified images of the surface topology and the 
possible dispersion of the W metal on the surface of tungsten carbide.  
a) The surface features using SEM images of one of the catalysts synthesized at 700 °C using a
bulk WO3 precursor are described in Figure 19. 
Figure 19: Single crystal morphology of a tungsten carbide catalyst 
The image depicted the appearance of a particle in the tungsten carbide system. We see a 
particle with a cubic symmetry and sharp edges at the edge sites. Magnification into the surface 
helps understand features that are described in Figure 20. 
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Figure 20: Topological features of a tungsten carbide surface 
The surface features are prominently observed at higher magnifications on the surface of 
the catalyst. The bright particles on the surface could belong to either of the carbide phases or else 
the W metal since all three phases have metallic character. We can observe these particles with a 
metallic character dispersed over the surface whereas the rest of the surface could belong to the 
different carbide phases which can be indistinguishable but form the relatively darker area of the 
surface. The density of WC/W2C is twice that of the starting precursor WO3. Thus, the density 
increases as the carbide phases are being synthesized, and there is a considerable shrinkage in 
volume. This effect of volume shrinkage can be used to explain the formation of the tunnel like 
openings or crevices observed in Figure 20, which indicate the transformation of WO3 to WC/W2C 
phases. Similar features of a carbide surface for a catalyst synthesized at 750 °C using bulk WO3 
are described in Figure 21. 
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b) SEM image of a tungsten carbide catalyst synthesized at 750 °C using bulk WO3
Figure 21: SEM image of a tungsten carbide catalyst synthesized at 750 °C using bulk WO3 
This image showed a surface having relatively lesser metallic character in comparison to the 
previous image as observed by the distinct contrast between the brighter metallic particles 
dispersed over the surface. 
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4.3. Surface area determination using CO chemisorption analysis: 
The use of silica precursor in the catalyst synthesis made use of N2 physisorption surface 
area evaluation method inefficient as it also accounts for the silica area present in the precursor. 
As CO acts as a probe molecule that can selectively adsorb on the metallic carbide surface ignoring 
any silica surface, CO chemisorption analysis showed profound results of how the 4 different types 
of syntheses varied in their CO uptake areas. 
The chemisorption was either performed at 30 or 40 °C, and a known concentration of 
CO:Ar gas mixture was pulsed several times on the catalyst surface until the surface was saturated, 
which can be confirmed by CO peaks of the same size. A TPD is then performed under inert flow 
of argon, and a desorption peak was observed depending on the total amount adsorbed during the 
pulses. A temperature timeline of the experiment is described in Figure 22. The pulse 
chemisorption is performed using mass spectroscopy and the mass/charge (m/z) ratio signal of 28 
that belongs to CO is monitored during the pulses. 
 





















4% CO:Ar pulses at 
30/40 ᵒC
TPD to 250 ᵒC under 
inert gas flow
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The nature of pulses for each of the 4 different syntheses and their cumulative CO adsorption plots 
are described in Figures 23-29.  
a) CO chemisorption measurement for tungsten carbide catalyst synthesized at 700 ᵒC using
WO3/SiO2 precursor: 
Figure 23: CO chemisorption for a 700 ᵒC WO3/SiO2 precursor synthesis 
Broad peaks were observed for this sample with the first few pulses being almost 
completely adsorbed by the catalyst surface. The final few pulses are of the same size which 
denotes surface saturation.  A TPD curve from 170-200 minutes period  describes the desorbed 
amount of CO. The total CO uptake per mole W in the catalyst or the cumulative CO adsorbed 
(mol CO/mol W) over the number of pulses based on the peak areas and CO exposed to the surface 
as a function of the number of pulses is described in Figure 24. A sample calculation of the CO 





















Figure 24: Cumulative CO adsorption curve for a catalyst synthesized at 700 ᵒC using 
WO3/SiO2 precursor 
The cumulative plot explicitly describes the total μmoles CO adsorbed by the catalyst 
during the pulses before being saturated. The sample resulted in a CO uptake of 0.011 mol CO/mol 
W, which was also the highest surface area amongst the 4 catalyst samples.  
b) CO chemisorption measurement for tungsten carbide catalyst synthesized at 700 °C using bulk
WO3 precursor: 

























































This profile also shows how the first few pulses get adsorbed on the surface before 
eventually the peak size increases and becomes constant. The difference in this plot lies only in 
the nature of the peaks which are sharper and longer rather than wide and broad as for the high 
surface area catalyst. 
 A cumulative CO adsorption plot is further described in Figure 26 for this experiment. 
Figure 26: Cumulative CO adsorption curve for a catalyst synthesized at 700 °C using a 
bulk WO3 precursor 











































c) CO chemisorption measurement for tungsten carbide catalyst synthesized at 750 °C using
WO3/SiO2 precursor: 
Figure 27: CO chemisorption for a 750 °C WO3/SiO2 precursor synthesis 
Figure 28: Cumulative CO adsorption curve for a catalyst synthesized at 750 °C using a 
WO3/SiO2 precursor 






























































d) CO chemisorption for tungsten carbide catalyst synthesized at 750 °C using bulk WO3 precursor:
Figure 29: CO chemisorption pulses for a sample synthesized at 750 ᵒC bulk WO3
precursor 
The profile explains how the first few pulses are short although not as small in comparison to the 
other 3 catalyst samples which further describes not much CO was adsorbed on this sample.  
Figure 30: Cumulative CO adsorption curve for a catalyst synthesized at 750 ᵒC using a 
WO3 precursor 




























































Thus, we formulated that the 4 different syntheses resulted in catalysts with varying surface 
areas as probed by CO chemisorption, and a combined cumulative plot for experiments done on 
each type of syntheses is presented in Figure 31. 
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 Amount(mol CO/ mol W)
Figure 31: CO adsorbed amounts for the 4 different catalyst syntheses conditions 
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4.3. Toluene hydrogenation catalytic test reaction 
The resulting catalysts based on the various synthesis conditions were evaluated for their 
toluene hydrogenation activities in the same packed bed steel tube reactor. The catalysis test was 
performed at a steady state temperature of 250 °C and a H2/ toluene ratio of 136 and a gauge 
pressure of 20 bar by adding H2 to the toluene stream. The gauge pressure is set using a 
backpressure regulator. 
The sole product was methylcyclohexane in all our catalytic tests, that is, the reaction was 
100% selective to methylcyclohexane in the studied conditions for the catalysis. The rate of 
reaction was formulated as the rate of formation of methylcyclohexane per gram W per minute of 
reaction (μmol.gW-1.min-1). Figure 32 describes the reaction rates obtained for all 4 of the 
synthesized catalyst materials normalized to the gram tungsten in the catalyst. 

































 700 °C WO3/SiO2
 700 °C bulk WO3
 750 °C WO3/SiO2
 750 °C bulk WO3
Figure 32: Toluene hydrogenation activity of the 4 tungsten carbide catalysts 
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In terms of the CO adsorption capacity of the catalysts, we evaluated a site time yield relationship 
based on the rate of reaction and the amount of μmol CO adsorbed for each catalyst. 
This is further illustrated in Figure 33. 






















 700 °C WO3/SiO2
 700 °C bulk WO3
 750 °C WO3/SiO2
 750 °C bulk WO3
Figure 33: Site time yield for the catalyst materials 
We also observed that a fresh catalyst and a catalyst for which CO chemisorption and TPD were 
performed differed in their activities, as shown in Figure 34. 
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 700 °C WO3/SiO2
 700 °C WO3/SiO2 after chemisorption and TPD
Figure 34: Loss of activity of a fresh and chemisorption performed catalyst 
It could be hypothesized that the loss in activity stems from carbon removal from the surface during 
the temperature desorption as more amount of CO gets desorbed from the surface in contrast to 
what is adsorbed. 
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CHAPTER 5 
SUMMARY AND CONCLUSION 
Tungsten carbide as a material has been shown to behave similar to platinum for catalytic 
reactions. Although the usual high temperature synthesis makes the material ineffective for 
catalysis because of low surface areas. Also, since the tungsten carbide system is composed of two 
or more stoichiometries and phases that can be formed during the synthesis in a carburization 
atmosphere, it is essential to understand how to control specific phase compositions and still obtain 
high surface area materials. In this work, this characteristic feature of metal carbides has been 
studied for the tungsten carbide system in which we have successfully synthesized 4 different 
tungsten carbide phase compositions using synthesis temperatures and presence or absence of 
silica as process variables. The syntheses provide further understanding of the possible reaction 
stoichiometries of the reduction-carburization process in terms of H2O and CO formation from the 
initial precursor. Further characterization of these 4 different syntheses proved how the catalysts 
differed in their phase mixtures, and this is summarized in Figure 35 that shows the phase 
compositions of each of the 4 catalyst materials. 
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Figure 35: Phase composition summary based on catalyst synthesis conditions 
Further, we observed the morphology of two of our catalyst samples using scanning 
electron microscopy and observed structural features that highlight some differences on a visual 
perspective, but there is not enough data to formulate any conclusions on the respective 
morphological differences of the two catalyst samples. 
CO chemisorption analysis for surface areas of the 4 catalysts proved how the surface areas 
of the catalysts decreased as the synthesis temperatures were increased and the synthesis was 
conducted in the absence of the silica support for the precursor. The summarized plot showing the 
different CO uptake trends of the various WC/W2C catalysts is shown in Figure 36. 
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 700 °C WO3/SiO2
 700 °C WO3
 750 °C WO3/SiO2
 750 °C WO3
Figure 36: CO adsorption capacity based on the catalyst synthesis conditions 
The W2C content was shown to influence the catalysts in terms of their surface areas. This 
is further summarized in Figure 37 which shows an increasing trend in terms of W2C weight % in 
the catalysts and their surface areas. Thus, we postulate that the W2C phase has higher catalytic 
activity per mass W although the intrinsic activity of the sites is not necessarily higher. The 
increase in activity with increasing W2C content is potentially a result of high carbidic surface 
area.  
Catalytic tests proved that the catalysts with a W2C rich phase composition were more 
active for toluene hydrogenation and the activity dropped with the reduction in  W2C content and 
the metallic surface area.   
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Figure 37: Effect of increasing W2C content on surface area 
In conclusion, this work demonstrated the formation of  4 different phase compositions of 
tungsten carbide material based on the synthesis process parameters. The isothermal synthesis 
method was successful in stabilizing the W2C phase in the tungsten carbide structure for the 
synthesis done at 700 ᵒC using a silica-stabilized precursor, and the obtained material showed high 
surface area and toluene hydrogenation activity.  
Thus, we have shown in this work that an isothermal synthesis pathway is indeed beneficial 
for formation of high surface area tungsten carbide, and a correlation between the phase 




The interesting chemistry of the isothermal reduction-carburization of tungsten trioxide to 
tungsten carbide needs some further exploration and refinement. The synthesis is influenced by 
the rates of H2 and CH4 consumption and with our synthesis protocol, we could not quantitatively 
determine these rates. This can be further investigated with betterment in the synthesis protocol 
and avoiding any signal overlaps. Optimization of the protocol will help collect concrete evidence 
for how different syntheses conditions will differ in the rates of H2 and CH4 consumption. Further 
understanding of the synthesis chemistry can be done using thermogravimetry analysis that will 
provide the rate of reduction of the precursor and interpretation of the phase transitions occurring 
during the reduction process based on weight loss of the initial precursor oxide. 
A further optimization is required for the syntheses conditions to determine the parameters 
required to obtain a carbide catalyst which is WC phase pure since we could only synthesize a 
W2C phase pure catalyst. The key to obtain such a material lies in avoiding excess carbon 
deposition on the surface while integrating more carbon into the bulk of the catalyst. The 
carburization gas mixture partial pressure and a higher CH4 concentration could possibly be the 
key for such a finding.  
Some of the X-ray diffractograms show a good amount of residual in the final fits so a 
complete convergence of the fits is required to substantiate the final phase compositions and thus 
obtain the crystallite sizes of the individual phases.  
The catalytic data shows significant scatter for the same type of catalysts for which the 
reasoning is unclear, and a certain number of measurements will be required to resolve this 
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uncertainty. Catalysis done under differential conditions will provide a better understanding of the 
reaction kinetics associated with toluene hydrogenation on tungsten carbide catalysts. 
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Appendix I: 
Calibration experiments for quantification of amounts (in moles) of H2O and CO produced during 
synthesis experiments. 
1) H2O calibration (Figure 38):
The calibration for quantification of the reduction signal of H2O during synthesis was done
based on injecting known amount of pulses by moles and integrating their peak areas as
observed in the mass spectrometer. The plot shows a good correlation between the moles
of pulses and the area distribution with a R2 value of 0.998.
This analysis was then used to calculate the number of moles H2O produced for the 4
different syntheses that were performed.
These pulses were done in a gas flow of CH4:H2 of 1:4, which was the same used during
syntheses, and a temperature of 200 ᵒC and atmospheric pressure.
Figure 38: Moles H2O injection pulses vs their respective peak areas of the ion current 

















2) CO calibration (Figure 39):
Similar to the calibration of H2O, similar pulses using a loop with known molar volume of
CO mixed in an inert gas flow of Argon were performed and the resulting ion current signal
peak areas were calculated. The plot below shows the calibration profile and a good co
relation was obtained with an R2 value of 0.9998.
This analysis was then used to calculate the amount of CO formed in moles, during the 4
different syntheses.
The pulses were performed in a series of 2, 3, 4 and 5% CO by concentration in a CO-Ar
gas flow at a temperature of 40 ᵒC and 1 atmospheric pressure.
Figure 39: Moles CO pulses vs their respective peak areas of the ion current signals using 
mass spectrometry. 
The CO calibration was further interpolated to a total flow of 38 ml/min used for the tungsten 
carbide synthesis. The interpolation resulted in a slope of 4.35E-06 which was further used to 
























3) Uncertainties in quantitative interpretation of CH4, H2 and CO2 detection during synthesis:
The only quantifiable species during reduction of WO3 precursor are H2O and CO. We observed  
negligible CO2 formation during the syntheses which showed a signal intensity one order of 
magnitude lower than CO. The mass fragment of CO2 is m/z 44 and is depicted by the light blue 
curve in Fig.40. 
Similarly, the consumption of CH4 and H2 in this process could not be deduced because of the 
uncertain nature of the signal and difficulties in quantitative interpretation which was caused due 
to overlap with artifacts from valve switching. The initial changes in the trace could be a result of 
the gas streams switching from inert gas to carburizing gas mixture. The CH4 mass fragment is 
m/z 15 indicated by the grey curve and H2 mass fragment signal of m/z 3  is indicated by the yellow 
curve in Fig. 40. 
Figure 40: Uncertain evidence for quantitative interpretation of CH4, H2 consumption or 
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4) Effect of condensation in the reactor stream on the formation of water signal in the MS
(Figure 41):
Figure 41: Flat line nature of m/z 18 H2O signal during carbide synthesis 
5) 6 port valve description for CO chemisorption experiment (Figure 42):






















6) Silica background in the X-ray diffractograms (Figure 43):
Figure 43: Appearance of silica background at 20-25ᵒ 2θ 
As per the figure, we observed the silica peak at 20-25ᵒ 2θ. Since the tungsten carbide system has 
no reflections before 30ᵒ 2θ, the patterns were fit from 29ᵒ 2θ and onwards. 
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Table 5: Sample CO chemisorption calculation template 
Volume of loop(pulse vol): 2.63E-07 mol 
Saturated area(Sat.area): Average of the last 4 peaks. In this case :Avg(B13:B16) =1.225E-12 
Total CO adsorbed: 7.8E-07 mol 
Total CO desorbed: 8.2E-07 mol 




































1 9.8E-14 1.12E-12 1.12E-12 2.42E-07 0.263 2.42E-07 0.001789 
2 4.3E-13 7.9E-13 1.91E-12 1.7E-07 0.526 4.12E-07 0.003049 
3 6.8E-13 5.4E-13 2.45E-12 1.16E-07 0.789 5.29E-07 0.00391 
4 8.35E-13 3.85E-13 2.84E-12 8.3E-08 1.052 6.12E-07 0.004523 
5 9.6E-13 2.6E-13 3.1E-12 5.6E-08 1.315 6.68E-07 0.004938 
6 1E-12 2.2E-13 3.32E-12 4.74E-08 1.578 7.15E-07 0.005289 
7 1.05E-12 1.7E-13 3.49E-12 3.66E-08 1.841 7.52E-07 0.00556 
8 1.17E-12 5E-14 3.54E-12 1.08E-08 2.104 7.62E-07 0.00564 
9 1.18E-12 4E-14 3.58E-12 8.62E-09 2.367 7.71E-07 0.005703 
10 1.18E-12 4E-14 3.62E-12 8.62E-09 2.63 7.8E-07 0.005767 
11 1.21E-12 1E-14 3.63E-12 2.16E-09 2.893 7.82E-07 0.005783 
12 1.21E-12 1E-14 3.64E-12 2.16E-09 3.156 7.84E-07 0.005799 
13 1.2E-12 2E-14 3.66E-12 4.31E-09 3.419 7.88E-07 0.005831 
14 1.23E-12 -1E-14 3.65E-12 -2.2E-09 3.682 7.86E-07 0.005815 
15 1.24E-12 -2E-14 3.63E-12 -4.3E-09 3.945 7.82E-07 0.005783 




5.1) Compressed gases: 
The synthesis experiments involve flowing methane and hydrogen to the reactor at atmospheric 
pressure while the catalysis test involves running hydrogen at a pressure of 20 bar. The system is 
checked for leaks using a flammable gas leak detector always before running hydrogen in any of 
the experiments. The safety limits for the gases are mentioned in Table 6. The CO chemisorption 
experiment involves pulsing CO and argon gas in a controlled mixture or CO concentration and 
was  performed according to the SOP guidelines as per the Jentoft lab and after personnel training 
on the equipment and handling.  
       Table 6: Safety limits of gases used54–56 
Compressed gas Exposure limit 




limit (vol %) 
H2 Unspecified 74 4 
CH4 1000 16.4 4.4 
CO 50 74 12.5 
5.2) Toluene material safety:  
Explosive limits: 1.3(LEL)-7(UEL) vol% 
The OSHA permissible exposure limit, ceiling and short-term exposure limit for toluene are 200 
ppm (8 h period), 300 ppm and 500 ppm.57 
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Handling: 
Transfer of toluene into 20 ml vials is carried out in a fume hood with the proper PPE (safety 
glasses, gloves, and lab coats). The toluene vial is opened outside the fume hood for filling in the 
toluene injector syringe to fill around < 2 ml of toluene with proper PPE and the vial is then sealed 
and placed back in the storage cabinet. 
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